During the synthesis of oligonucleotides by the standard phosphoramidite method using 2-deoxycytidine-derivatized solid support, a side reaction was observed that gave rise to the formation of high molecular weight N-branched oligomers having two identical chains linked to the 3-terminal 2-deoxycytidine. Postsynthesis treatment with neat triethylamine trihydrofluoride selectively cleaved the phosphoramidate linkage and converted the N-branched oligomers back to the expected oligonucleotides.
INTRODUCTION S
INCE THE DEVELOPMENT in the early 1980s of automated synthesis of oligonucleotides on solid supports, there has been a steadily growing use of these molecules in a great variety of molecular biology procedures as well as numerous applications in diagnostics or as emerging therapeutic agents. The most commonly used procedure today relies on phosphoramidite chemistry and consists of the reiterative coupling of 3Ј-phosphoramidite derivatives of nucleosides to the 5Ј end of the growing chain immobilized on solid support through its 3Ј end (Beaucage and Iyer, 1992) . After completion of the synthesis, oligonucleotides are cleaved from the solid support, and their protecting groups are removed by treatment with concentrated ammonia for 16 hours at 55°C. Then, crude oligonucleotides are purified either by PAGE or by HPLC to remove failure sequences that have been capped during the synthesis process.
We routinely use preparative PAGE to purify oligonucleotides synthesized in our laboratory or obtained from commercial sources. Generally, the band corresponding to the desired oligonucleotide appears as a large, intensely dark band migrating at the expected position accordingly to its length (n), and this band is accompanied by several faint bands migrating faster than the intended oligonucleotide and corresponding to failure sequences n-1, n-2, . . . From time to time, however, faint bands migrating much slower than the desired oligonucleotide are also observed (Andrus, 1993) and, more surprisingly with a mobility corresponding to the size expected from a dimer (2n) of the intended oligonucleotide. Although intriguing, these bands are generally so faint that they are neglected. Recently, we found that this phenomenon was more prominent than usual when purifying by denaturing PAGE a 14-mer chimeric 2Ј-O-methyl/DNA oligonucleotide intended for use in site-directed RNA cleavage with Escherichia coli RNase H (Lapham and Crothers, 2000) . Therefore, we decided to take this opportunity to elucidate the structure of this by-product and its mechanism of formation.
MATERIALS AND METHODS
Oligonucleotides were synthesized on either an ABI 391 DNA synthesizer or an Expedite 8909 (Perseptive Biosystems, Framingham, MA) on a 0.2-mol scale using the standard cycles recommended by the manufacturers. Small-scale dC (Bz) CPG columns (0.2 mol, 500 Angstrom pore size) were purchased from Applied Biosystems (Foster City, CA). Precapping of CPG-supported dC was carried out with a 1:1 mixture of 10% acetic anhydride in tetrahydrofurane (CAP A) and 10% N-methylimidazole in tetrahydrofurane-pyridine (8:1) (CAP B) at ambient temperature for 3 minutes. Release from the solid support and deprotection were carried out by treating the CPG-supported oligonucleotides with 30% aqueous ammonia at 55°C for 16 hours.
Deprotected oligonucleotides were purified by preparative gel electrophoresis using gels (30 ϫ 20 ϫ 0.15 cm) made of 20% acrylamide (19:1 acrylamide:bis-acrylamide) in TBE buffer containing 7 M urea. Migration was performed at 35 W until the bromophenol blue dye included in the sample buffer had reached the bottom of the gel. Bands of oligonucleotides were located by UV shadowing, cut out, minced, eluted twice in 15 mL TE buffer containing 0.1 M ammonium acetate, then concentrated by DEAE chromatography and ethanol precipitated according to standard procedures. Purified oligonu-CAZENAVE ET AL. 182 FIG. 1. MALDI-TOF mass spectrum of (A) 14-mer chimeric CGAGCGGTAUGUAC and (B) slow-migrating oligomer.
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cleotides were dissolved in sterile water and stored at Ϫ20°C. Concentrations were determined from their base composition and sequence (Puglisi and Tinoco, 1989) .
Analytic electrophoresis was performed similarly on 20% acrylamide denaturing gels, but after the bromophenol blue dye had reached the bottom of the gel, the gel was stained for 30 minutes with a solution of stains-all (0.015% stains-all in a 3:2 formamide:water solution), protected from light, then extensively destained in water under light and photographed.
Cleavage of branched oligonucleotide
Purified oligonucleotide (1 g) in water was dried in speed-vac, redissolved in neat triethylamine trihydrofluoride (10 L) (Aldrich, Milwaukee, WI), and incubated for 90 minutes at 65°C. The solution was cooled down, and 3 M sodium acetate (1 L) was added, followed by butanol (40 L). After 90 minutes at Ϫ20°C, the precipitated oligos were recovered by centrifugation, and the pellet was washed with 90% ethanol. Finally, the pellet was dried and redissolved in electrophoresis sample buffer (TBE containing 7 M urea and bromophenol blue). Mass spectra were recorded with a MALDI-TOF mass spectrometer (Reflex III, Bruker, Bremen, Germany) operated in the linear mode for negative ion detection. A mixture of dT 12-18 was used for external calibration. The matrix used was a 4:1 solution of 2,4,6 trihydroxyacetophenone (THAP), 30 mg/mL in ethanol, and 100 mM aqueous ammonium citrate. For each sample, 0.5 L of a 1:1 aqueous solution of oligonucleotide (20 M) and matrix was spotted on a stainless steel probe plate and allowed to air dry at ambient temperature before analysis.
RESULTS AND DICUSSION
When purifying the chimeric oligonucleotide CGAG-CGGTAUGUAC (underlined and plain characters denote 2Ј-O-methylribonucleotides and 2Ј-deoxyribonucleotides, respectively) by preparative denaturing PAGE, examination of the gel by UV shadowing indicated that besides the large and intense band corresponding to the intended 14-mer and some fainter bands of greater mobility corresponding to failure sequences, there was also a noticeably slower migrating intense dark band at a position expected for an oligonucleotide of approximately twice the length of the expected product. Compounds eluted from these two bands were quantified from their absorbance at 260 nm and analyzed by MALDI-TOF mass spectrometry. Assuming a molar extinction coefficient twice the value calculated for the parent 14-mer, slow-migrating oligonucleotide accounted for 8% of recovered oligonucleotide amount.
Mass spectrum analysis of the 14-mer (Fig. 1A ) reveals a molecular ion at m/z 4545 as expected (calculated value: 4545.06), whereas a molecular ion at m/z 8859.0 was found for the slow-migrating oligomer (Fig. 1B) . This latter value is close but smaller than twice that of the parent 14-mer, and the difference (232.9) is lower than the mass of any nucleotide but very close to the mass of 2Ј-deoxycytidine (calculated value: 227.22). This led us to hypothesize that the slow-migrating species could have originated from a parallel synthesis of two identical 13-nt-long chains from the same deoxycytidine residue immobilized on solid support, one chain growing normally from the 5Ј-hydroxyl group, the other chain growing from the 4-amino group on the base having partially lost its benzoyl protecting group (Fig. 2) .
Although simultaneous growth of the chains could have been contemplated for both 5Ј-hydroxyl and 3Ј-hydroxyl groups of the deoxycytidine, it would have implied immobilization of deoxycytidine on solid support through the exocyclic amine, which is unlikely. If our initial assumption is correct, however, this would imply that the slow-migrating oligonucleotide possesses a single internal phosphoramidate linkage, which should be hydrolyzed under acidic conditions (Letsinger and Mungall, 1970) . However, no hydrolysis products were detected when slow-migrating oligomer was treated with 80% aqueous acetic acid for 4 hours at ambient temperature. In contrast, upon treatment with neat triethylamine trihydrofluoride for 1.5 hours at 65°C, conditions that are routinely used to remove 2Ј-O-tertbutyldimethylsilyl protecting groups during oligoribonucleotide synthesis (Gasparutto et al., 1992) , specific and nearly quantitative cleavage of the phosphoramidate linkage occurred (Guerlavais Dagland et al., 2003) . Two fragments were produced (Fig. 3A, right lane) , one corresponding to the expected chimeric 14-mer and the other corresponding to the 13-mer branched chain having a terminal 3Ј-phosphate group (Fig. 2) . Under the same conditions, hypothetic 3Ј-O-branched oligonucleotide having exclusively phosphodiester linkages would not give rise to any cleavage products. These results clearly establish the N-branched structure (Fig. 2) of the slow-migrating by-product. As this work was in progress, similar side reactions were reported to occur by Kurata et al. (2006) , although to a lesser extent, during the synthesis of phosphorothioate oligonucleotides using 2Ј-deoxyadenosine-and 2Ј-O-(2-methoxyethyl)-5-methylcytosine-loaded solid supports.
We then reasoned that the occurrence of this branched parallel synthesis should be prevented if full N-protection of supported 2Ј-deoxycytidine were restored before starting oligonucleotide synthesis. This was achieved by introducing one supplementary precapping step that acetylated unprotected 4-amino groups. As illustrated by the gel in Figure 3B , this results in particularly efficient prevention of the synthesis of branched oligonucleotides, both the neardimeric oligonucleotide and all its failure sequences. However, this precapping step has a detrimental effect on the final yield of the desired oligonucleotide, as it also capped supported 2Ј-deoxycytidine residues that had lost their 5Ј-O-dimethoxytrityl protecting group, a phenomenon known to occur during column storage.
Alternatively, a chemoselective N-protection of unprotected 4-amino groups with formamidine acetals may be considered (Beaucage and Iyer, 1992) . However, in the case of deoxycytidine, only hindered 4-N-amidino groups have been reported to exhibit sufficient stability for oligonucleotide synthesis (McBride et al., 1986) , and their introduction requires the use of amidine acetals, which are not commercially available. Instead of restoring the complete N-protection of supported 2Ј-deoxycytidine, one may envisage the use of universal, nonnucleoside derivatized support, which was reported to prevent the formation of 3Ј-terminal N-branched oligonucleotides (Kurata et al., 2006) .
Whether partial loss of the benzoyl N-protecting group occurred during the manufacturing of CPG-supported 2Ј-deoxycytidine or during its storage remains to be determined. The extent of this loss may be related to the fast re- -isobutyryl-2Ј-deoxyguanosine (Schulhof et al., 1987) . It may be suggested that uncompleted capping of unreacted CPG-supported longchain alkylamine after anchoring protected deoxynucleoside can give rise to removal of the N-acyl protecting group through a transamidation reaction. Whatever is the origin of incomplete N-protection of solid-supported deoxynucleosides, should branched oligonucleotide formation occur during the synthesis of oligonucleotides, a postsynthetic treatment with neat triethylamine trihydrofluoride would selectively and efficiently cleave any phosphoramidate linkage and convert any N-branched oligonucleotide back to the desired compound. This treatment would also improve the recovery of oligonucleotides obtained from the N-unprotected phosphoramidite method (Fourrey and Varenne, 1985; Gryaznov and Letsinger, 1992; Hayakawa and Kataoka, 1998; Ohkubo et al., 2004 ) that despite considerable progress in the discovery of O-selective activators, still produces detectable amounts of N-branched oligonucleotides.
